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Abstract

This study investigates the potential for bioethanol production of six types of typical German leftover baked products:
bread rolls, pretzel rolls, fine rye bread, white bread, pastry, and cream cakes. The experimental setup consisted of two
experiments—one as a control and another with the addition of diammonium phosphate (DAP) to the mash. In terms of
monosaccharide concentration at 30% dry matter (DM), white bread mash exhibited the highest level at 251.5 g/L, while
cream cakes mash had the lowest at 186 g/L.. The highest ethanol production occurred after 96 h of fermentation with rye
bread, yielding 78.4 g/L. In contrast, despite having the highest monosaccharide levels, white bread produced only 21.5
g/L of ethanol after 96 h. The addition of DAP accelerated monosaccharide consumption in all baked products, with cream
cakes completing the process in just 24 h. Bread rolls, pretzel rolls, pastry, and white bread fermentations finished within
72 h. Ethanol yields significantly increased in three DAP samples, with pretzel rolls yielding the highest ethanol concentra-
tion at 98.5 g/L, followed by white bread with 90.6 g/L., and bread rolls with 87.7 g/L.. DAP had a substantial impact on all
samples, reducing fermentation time and/or increasing ethanol yield. This effect was particularly pronounced with white
bread, where it improved conversion efficiency from 17 to 72%, resulting in 90.6 g/L of ethanol. These results demonstrate
that waste baked products hold substantial potential for bioethanol production, and this potential can be further enhanced
through the addition of DAP.
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Introduction aim is to create a renewable fuel source that can replace

petroleum-derived fossil fuels.

The rapid depletion of fossil fuels, coupled with the
urgent need to reduce the negative environmental impact
of burning fossil fuels, has prompted extensive research
into sustainable alternatives. One such alternative is
employing Saccharomyces cerevisiae, a type of yeast
commonly utilized in the production of alcoholic bever-
ages, to produce bioethanol (Lin & Tanaka, 2006). The
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Based on the Alternative Fuel Data Center (RFA, 2022),
global ethanol production has experienced a significant
increase over time. It is reported that 27 billion gallons were
produced globally in 2021. Among them, the USA, as the
world’s largest bioethanol producer, contributed 15 billion
gallons, marking an almost 90-fold increase since 1980.
Notably, from 2000 to 2010, ethanol production underwent
a remarkable surge, growing from 1622 million gallons to
13.298 billion gallons (RFA, 2022). Bioethanol is primar-
ily produced from agricultural crops such as corn, wheat,
and sugarcane, which are known for their high productiv-
ity and ease of processing (Pietrzak & Kawa-Rygielska,
2015). However, the use of these crops as raw materials for
fuel production raises concerns about potential impacts on
food prices, as they compete with food demands (Pietrzak
& Kawa-Rygielska, 2015). The exploration of alternative
sources of feedstock, including food waste, has emerged as
a popular research area (Han et al., 2019).
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Food waste is a significant global concern, as reported
by the Food and Agriculture Organization (FAO, 2011).
Their research estimates that approximately one-third of
edible food produced for human consumption worldwide is
either lost or wasted, equivalent to approximately 1.3 billion
tonnes per year. To address this challenge, the implementa-
tion of smart and efficient waste management strategies is
necessary. These strategies play a critical role in promot-
ing a carbon—neutral society and reducing waste generation
(FAO, 2011).

According to World Wide Fund For Nature Germany,
bakery returns range from 1.5 to 19% (Jaeger, 2018). Present
estimates indicate that returns lead to approximately 600,000
tons of baked product losses each year in Germany (Jaeger,
2018). Globally, waste from baked products is estimated to
be between 7 and 10% of total production (Kumar et al.,
2023). Considering the annual global bread production of
around 100 million tons, this waste could potentially amount
to 10 million tons per year worldwide (Kumar et al., 2023).
Many bakeries therefore try to reuse these returned prod-
ucts. Approaches such as converting leftover baked products
into animal feed or using them in biogas plants appear to
be effective recycling methods, but they often involve long
transportation distances and added expenses. As a result,
disposing of the baked products as trash is often a more
cost-effective and convenient option than attempting to reuse
them. Consequently, repurposing the excess baked products,
which share a similar composition to the original raw materi-
als, could provide a viable alternative option for bioethanol
production (Pietrzak & Kawa-Rygielska, 2015).

Bread contains significant amounts of starch that
can be readily broken down into monosaccharides
molecules by amylases through hydrolysis (Pietrzak
& Kawa-Rygielska, 2014). The amount of starch and
monosaccharides in bread is 500-750 g/kg and 3-50 g/
kg, respectively (Pietrzak & Kawa-Rygielska, 2014).
Furthermore, bread contains 100-150 g/kg of protein,
which plays a vital role in promoting yeast growth and
facilitating faster fermentation once it is broken down into
peptides and amino acids (Pietrzak & Kawa-Rygielska,
2014). The ethanol yield from bread waste could reach
values of about 350-370 g/kg of substrate dry matter
depending on the processing conditions (Pietrzak &

Kawa-Rygielska, 2015). Thus, the production of ethanol
from old baked products is a lucrative opportunity to
address the issue of leftover baked products.

So far, literature provides little information on fermen-
tation potentials of different types of baked products in
bioethanol production, even though understanding the
potential production of the single type helps in preparing
the best mixture to achieve the most efficient production.
The primary objective of this research investigation was
to compare six types of leftover baked products as poten-
tial feedstocks for bioethanol production. Additionally,
the study aimed to compare the effect of diammonium
phosphate (DAP) on ethanol production among the various
groups of baked products.

The utilization of diammonium phosphate (DAP) in
this study is driven by its recognized ability to enhance
various aspects of the fermentation process. A study
conducted by Mendes-Ferreira et al. (2010) revealed
that the inclusion of DAP accelerates fermentation,
improves sugar breakdown, and enhances the production
of more intricate aromas by the yeast strain. Additionally,
DAP functions as a catalyst for fermentation, widely
acknowledged for its efficacy in mitigating the adverse
effects of nitrogen deficiency, as discussed by Vilanova
et al. in (2015).

Materials and Methods
Leftover Baked Products

The baked products used in this experiment were obtained
from Webers Backstube bakery (Friedrichshafen, Germany).
These products were categorized into six distinct groups
based on their dough and pastry types, namely, bread rolls
(Brotchen), pretzel rolls (Laugengebick), fine rye bread
(Mischbrot), white bread (Weillbrot), pastry (Plunder), and
cream cakes (Sahne-Cremetorten). The baked products orig-
inated as 1-day-old leftovers from the bakery. A detailed
list of the various bakery products and their correspond-
ing ingredients is presented in Table 1 and 2. Crude fat and
protein were analyzed by Core Facility Hohenheim (CFH).

Table 1 Overview of the Sample groups

Overview of ingredients

different leftover baked product
groups with their baking
ingredients

Bread rolls
Pretzel rolls
Fine rye bread
White bread
Pastry

Cream cakes

Wheat flour 550, rye flour 1150, poppy seeds, grains, salt, caraway seeds
Wheat flour 550, milk powder, butter, pretzel lye

Wheat flour 550/1050, rye flour 1150

Wheat flour 550/1050

Wheat flour 550, butter, milk powder, honey, egg, cherries

Wheat flour 550, egg, sugar, butter, quark, whipped cream, corn starch, fruits
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Table 2 Sample compositions

. Sample groups Dry matter (DM) Organic dry matter ~ Crude fat (%DM) Protein (%DM)

of.waste baked products used in (%FM (fresh matter))  (oDM) (%DM)
this study

Bread rolls 75.94 97.98 2.62 11.38

Pretzel rolls 82.19 97.66 4.32 12.15

Fine rye bread 60.17 97.84 2.20 8.60

White bread 74.57 98.43 2.29 9.94

Pastry 66.05 99.09 17.75 6.94

Cream cakes 58.84 99.00 20.72 6.50
Mash Preparation Fermentation

The different groups of bakery products were individually
disintegrated to achieve a particle size <7 mm using a ther-
mal mixer (Vorwerk Deutschland Stiftung & Co. KG, Wup-
pertal, Germany). Subsequently, they were stored at— 18
°C and thawed to reach a room temperature of 20 °C once
required. For each sample, precisely 100 +2 g of bread was
measured, and the corresponding amount of water was cal-
culated based on the dry matter percentages provided in
Table 2 to create a 30% dry matter (DM) water-bread mix-
ture. This mixture was then added to the thermal mixer and
stirred at a low speed until homogenized.

Enzymatic Treatment

The enzymatic treatment of the mash involved two con-
secutive processes. The first process, starch liquefaction,
employed a-amylase (EnerZyme® AMYL' (ERBSLOH
Geisenheim GmbH, Geisenheim, Germany)). The second
process was saccharification with glucoamylase (“Ener-
Zyme® HT” (ERBSL(")H Geisenheim GmbH, Geisenheim,
Germany)). The optimal temperatures for these enzymatic
processes were determined from the producer to be 90 °C
for starch liquefaction and 65 °C for saccharification. To
maintain optimal enzyme activity, the pH of the mash was
carefully monitored. The ideal pH value for a-amylase was
found to be 6.5, while glucoamylase exhibited optimal activ-
ity around pH 4. For the starch liquefaction step, 220 pL of
a-amylase per 100 mL of mash was added, and the thermal
mixer was set to the optimal temperature of 90 °C. Con-
tinuous stirring was maintained for 30 min to facilitate the
enzymatic reaction. Subsequently, the pH was measured and
adjusted to the optimal range for glucoamylase for starch
saccharification. In the saccharification phase, 275 yL of
glucoamylase per 100 mL of mash was introduced, and the
temperature was lowered to 65 °C. Another 30 min of con-
tinuous stirring ensured the completion of the enzymatic
reaction. A few drops of the iodine solution were added to a
small amount of the mash to confirm the completion of the
starch conversion process.

@ Springer

The commercial Saccharomyces cerevisiae yeast strain
“Ethanol Red®” (Lesaffre, Marcq-en-Baroeul Cedex,
France), was selected for its specialized characteristics
developed for the industrial ethanol industry. This strain is
known for its High Ethanol Tolerance, enabling it to exhibit
superior alcohol yields and maintaining elevated cell viabil-
ity. Fermentation experiments were conducted in pairs of
100 mL Erlenmeyer flasks, each containing a baked product
mash and yeast at a concentration of 0.5 g/L. This concen-
tration aligns with the recommended guidelines from the
company, which suggest a minimum of 2—4 Ibs per 1000
gallons (250-500 g/m?) of mash. This dosage is intended
to achieve an initial viable cell concentration of approxi-
mately 18-36 billion viable cells per gallon (5—10 million/
mL) in the fermentation vessel. The first flask served as the
control, while in the second flask, 300 mg/L of DAP was
introduced. DAP was incorporated to serve as a nitrogen
source, facilitating yeast growth throughout the fermenta-
tion process. Both flasks were then subjected to agitation at
100 rpm on a shaker, maintained at a temperature of 30 °C,
and left undisturbed for a duration of 96 h. The experiments
were performed in triplicate.

Analytical Methods

Samples were collected at time intervals (0, 24, 48, 72, and 96
h) during fermentation to determine the concentrations of spe-
cific substances for evaluating the conversion efficiency from
sugar to ethanol. The targeted compounds included glucose,
fructose, ethanol, glycerol, acetic acid, and lactic acid. The
collected mash samples were centrifuged at 10,000 rpm for
10 min. The resulting supernatant was filtered through 30-mm
membrane filters (qpore) with a pore size of 0.45 pm. The
filtered liquid was then pipetted into 2-mL vials (neochrom®)
and diluted with bi-distilled water (1:5 dilution). The sealed
injection vials were placed in the vial sampler (1260 Infinity
II, G7129A, Agilent) of the High-Performance Liquid Chro-
matography (HPLC) (1260 Infinity II, Agilent, Santa Clara,
USA) and subjected to analysis using a polar column (Rezex
ROA-Organic Acid H+ (8%), Phenomenex Inc., Torrance, CA,
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Table 3 HPLC analysis operating conditions and parameters

Value Unit
RID
Column temperature 40 °C
Column dimensions 50%x7.8 mm
Polarity positiv
Column oven temperature 80 °C
Quaternary pump (G7111A)
Eluent flow rate 0.6 mL/min
Pressure 71.74 Bar
Pressure limit 100 Bar

USA). A volume of 20 pL of the sample was withdrawn for
each analysis, and the eluent used was a 0.5mol/1 sulfuric acid
solution, which was pumped through the column at a flow rate
of 0.6 mL/min and a maximum pressure of 100 bar. The opti-
mal temperature during the measurement was 40 °C, detailed
parameters are provided in Table 3. The measurement results
were evaluated using the Openlab software (Data Acquisition)
and further analyzed using Excel.

Statistical Analysis

To assess whether statistically significant differences exist
in ethanol concentrations among different baked product
groups at various time points, a two-way analysis of vari-
ance (ANOVA) was performed using the PROC GLM in
SAS program (version 9.4, SAS Institute, Cary, NC, USA).
The analysis was conducted in two stages.

First, the ANOVA was carried out within each group,
comparing control samples with samples containing DAP
(diammonium phosphate) in the same group. This examined
the effect of DAP within each baked product group.

Fig.1 Mean values of glucose
concentrations of the six baked
products after enzymatic treat-

300 A

concentration g/L

Second, a separate ANOVA was performed on samples
containing DAP, comparing them across different types of
bread. This assessed the influence of bread type on the DAP-
treated samples.

Results and Discussion

In comparing the DAP and control samples, the levels of
glucose, fructose, glycerol, acetic acid, lactic acid, and etha-
nol were investigated during fermentation. The levels of
glucose and fructose were examined to understand potential
differences in sugar consumption. Glycerol, as a reflection
of yeast metabolism, and acetic acid, influenced by factors
like oxygen exposure and microbial activity, were analyzed
for potential variations. The concentration of lactic acid,
produced by lactic acid bacteria, was assessed, exploring
the role of DAP in its dynamics. Ethanol content was exam-
ined, focusing on comparing yields and discussing signifi-
cant differences between the DAP and control groups. This
analysis provides insights into the influence of DAP on
ethanol production.

Glucose and Fructose Concentration
After Enzymatic Treatment

Figure 1 shows that different baked products exhibit varying
glucose concentrations after enzymatic treatment. Among
them, white bread displayed the highest glucose concen-
tration at 251.5 g/L. Following closely were pretzel rolls
and bread rolls with concentrations of 246.6 g/L. and 243.3
g/L, respectively. In comparison, fine rye bread and pastry
showed lower concentrations at 199.5 g/L and 176.3 g/L,
respectively. Cream cakes had the lowest observed glucose
concentration at 120.8 g/L.

ment n =3, mean + standard 250 +
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In the context of fructose concentration analysis, it was
observed that cream cakes exhibited a notable fructose con-
centration of 66 g/L, while pastry displayed a concentration
of 42 g/L.. Conversely, the remaining baked products exhib-
ited negligible levels of fructose (Fig. 2).

Based on the findings obtained from this experimental
analysis, the monosaccharide content within the dry mat-
ter (DM) of each baked product is summarized as follows:
White bread exhibited the highest concentration at 83.8%,
followed by pretzel rolls at 82%, bread rolls at 81%, pastry
at 72.7%, fine rye bread at 66.5%, and cream cakes at 62.2%.
Studies have reported that during bread baking and staling,
starch undergoes partial gelatinization, depolymerization,
and interacts with other components present in flour, such as
gluten and lipids. This molecular transformation reduces the
starch’s susceptibility to enzymatic hydrolysis and thermo-
mechanical treatments (Ribotta & Le Bail, 2007). However,
despite differences in composition, baking techniques, and
staling properties among the investigated baked products, sub-
jecting them to high liquefaction temperatures, specifically
at 90 °C, results in the degradation of all starch in these vari-
ous baked products. Previous studies have also reported that
higher enzymatic liquefaction temperatures can disrupt the
crystalline structure of starch (Ebrahimi et al., 2008; Pietrzak
& Kawa-Rygielska, 2015; Srichuwong et al., 2005). It is worth
noting that Ebrahimi et al. (2008) found no significant impact
of staling on saccharification or ethanol production, when the
temperature was maintained at 85 °C. The key factor contrib-
uting to variations in monosaccharide levels in this study was
the quantity of starch and sugar present in the baked products.

Ethanol Production During Fermentation
Ethanol Production in Control Samples

In the control samples (without DAP), the baked products
served as the sole nutrient source for the yeast. No additional
nutrients were provided to the yeast. Furthermore, the analy-
sis aimed to determine the abundance of vitamins and other

Fig.2 Mean values of fructose 80 -
concentrations of the six baked
products after enzymatic treat-
ment n =3, mean =+ standard
deviation (SD); A, bread rolls;
B, pretzel rolls; C, pastry; D,
fine rye bread; E, white bread;
F, CREAM CAKES

60 A

concentration g/L
B
o

compounds essential for yeast growth within each baked prod-
uct. Ethanol concentration was monitored at specific time inter-
vals (0, 24, 48, 72, and 96 h) during the fermentation process.

As illustrated in Fig. 3, after 96 h the highest ethanol
concentration was found in fine rye bread at 78.4 g/L. Pastry
and cream cakes followed with a concentration of 72.9 g/L,
and 65.8 g/L respectively. Ethanol concentrations in pretzel
rolls and bread rolls were almost identical, at 57.5 and 54.3
g/L, respectively. However, with white bread sugar utiliza-
tion was very inefficient. Even after 96 h, only 21.5 g/L of
ethanol was produced, despite having the highest glucose
concentration among all the baked products. The limited
fermentation observed with white bread can be attributed
to its low protein content. It is important to note that the
presence of amino acids in the fermentation mash is essen-
tial for maintaining the proper physiological conditions and
activity of yeast (Buksa et al., 2010; Ktosowski et al., 2010).
On another reason could be that in the current investigation,
the particle size of bread samples was found to be less than
7 mm. In the case of cream cakes and pastry, these particles
exhibited solubility in water, resulting in a creamy struc-
ture. Conversely, in the case of white bread, some particles
remained undissolved even after the processes of liquefac-
tion and saccharification. This observation aligns with the
findings of the previous study that examined the influence
of jet milling settings on whole wheat flour characteristics
and the physical quality and enzymatic digestion of whole
wheat bread. The earlier study demonstrated that jet mill-
ing led to a reduction in flour particle size, with variations
in milling pressure, feed rate, and recirculation intensifying
the process and reducing particle size. Specifically, parti-
cles from the aleurone layer and larger aggregates of the
protein matrix, encapsulating cellular components, particu-
larly starch granules, exhibited size ranges of approximately
20-180 pum (Protonotariou et al., 2015).

Ethanol Concentration in DAP Samples

In a prior study, Strak-Graczyk and Balcerek (2020) exam-
ined the effect of pre-hydrolysis on the simultaneous

@ Springer

backed products groups



Food and Bioprocess Technology (2024) 17:3074-3085

3079

saccharification and fermentation of native rye starch. They
concluded that pre-hydrolysis had no discernible effect on
initial sugar levels, fermentation efficiency, or ethanol yield.
In the current study, the decision was made not to employ
pre-hydrolysis, opting instead to investigate the influence of
DAP on the fermentation process.

Based on the findings presented in Fig. 3, the incorporation
of yeast nutrients during the fermentation process resulted in a
reduction in fermentation time and an enhancement of glucose
conversion efficiency. Specifically, the addition of DAP to the
baked products led to faster glucose conversion: cream cakes
within 24 h, fine rye bread within 48 h, and bread rolls, pret-
zel rolls, pastry, and white bread within 72 h. Additionally, the
introduction of DAP significantly increased the ethanol yield in
three types of bread. Pretzel rolls exhibited the highest ethanol
production at 98.5 g/L, followed by white bread with 90.6 g/L.,
and bread rolls with 87.7 g/L. Fine rye bread recorded 75.9 g/L,
while pastry and cream cakes displayed the lowest values at
65.2 g/l and 62.9 g/L, respectively. In the remaining three bread
types, ethanol concentrations were close to the control samples
but were achieved in a shorter amount of time. These results
underscore the impact of DAP on both fermentation speed and
ethanol production across a variety of baked product. Shorter
fermentation times are beneficial for practical applications,
because they reduce the cost of bioethanol production (Han
et al., 2020). Previous studies conducted on wheat-rye bread
reported the use of complex enzymatic preparations, such as
Cremix 2XL and Ceremix 6X MG, which contain proteases
and enzymes capable of degrading non-starch polysaccharides,
resulting in enhanced bioethanol production and accelerated
fermentation. The addition of these complex preparations led
to a notable reduction in fermentation time, shortening it to
72 h compared to the control sample’s 93 h. Furthermore, the
bioethanol production increased, with ethanol amounts reaching
85.80 and 88.50 g/L, respectively (Kawa-Rygielska et al., 2012).

Conversion Efficiency in Control and DAP Samples

Fine rye bread exhibited a high conversion efficiency in
both the control and DAP sample, with values of 78.6%

and 76.09%, respectively (Table 4). A significant enhance-
ment in conversion efficiency was observed in pretzel rolls
and bread rolls in the DAP samples, showing an increase of
30% compared to the control samples. A marginal decrease
of approximately 5% was observed in the DAP samples of
pastry and cream cakes. Remarkably, a substantial improve-
ment was noted in white bread in the DAP samples, where
the conversion efficiency increased from 17% in the con-
trol samples to 72%. These findings underscore the varying
effects of DAP on the conversion efficiency of monosac-
charides to ethanol across different baked products. The
maximum theoretical yield of ethanol from glucose is 0.51
g of ethanol per gram of glucose, assuming complete conver-
sion of glucose to ethanol and no other by-products being
produced (Gombert & van Maris, 2015). Therefore, 100 g
of glucose could theoretically yield up to 51 g of ethanol.
However, the actual yield of ethanol from glucose is often
lower in practice due to various factors such as incomplete
conversion, loss of substrate to other metabolic pathways
and inhibition of fermentation by the accumulated ethanol
(Gombert & van Maris, 2015). The actual yield can vary
depending on several factors, including the type of micro-
organisms used, fermentation conditions, and other vari-
ables. Azhar et al. reported a statistically significant impact
(p £0.05) of varying yeast cell number on ethanol yield
(Mukhtar et al., 2010). This observation may help explain
the relatively low conversion efficiency observed in our
experiment, even following the addition of DAP. Conse-
quently, optimizing the yeast cell number becomes essential.
The conversion efficiency in the case of pastry and cream
cakes was lower than for the other products in the presence
of DAP. One significant factor contributing to this lower
efficiency could be the substantial fat content in these baked
products. During fermentation, a noticeable foam layer
formed above the mash. This foam layer may have a nega-
tive effect on fermentation (Deotale et al., 2023). The high
fat content was observed to slow down fermentation, leading
to a reduced rate of glucose-to-ethanol conversion.
Regarding the condition and aging of the bakery prod-
ucts, the process where starch turns back into its crystal-
line form, known as retrogradation, usually takes several

Table 4 Ethanol production and

. . . Sample groups Monosaccharides  Control DAP Theoretical Control DAP
conversion efficiency in baked (g/L) ethanol ethanol ethanol (g/L)  efficiency efficiency
products (e/L) [g/L] %) %)

Bread rolls 243.3 543 87.7 121.6 44.6 72.1
Pretzel rolls 246.6 57.5 98.5 123.3 46.6 79.9
Fine rye bread 199.5 78.4 75.9 99.75 78.6 76.09
White bread ~ 251.5 21.5 90.6 125.75 17 72
Pastry 218.3 72.9 65.2 109.15 66.8 59.73
Cream cakes  186.8 65.8 62.9 934 70.4 67.3
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weeks to occur (Dymchenko et al., 2023). Considering that
the baked products used in our study were only one day
old, it makes us wonder how the typical characteristics of
older baked products might influence the process of making
bioethanol. Exploring this further and taking into account
how bread changes with time during fermentation could pro-
vide valuable information for improving the production of
bioethanol using bakery leftovers.
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DAP addition had a marked effect on glycerol production,
the concentrations were substantially increased by DAP
compared to the control samples. In the control samples
the concentrations varied between 5.0 and 7.8 g/L (Fig. 3).
Without DAP Pastry registered 7.8 g/L, pretzel rolls con-
tained 7.4 g/L, fine rye bread recorded 7.3 g/L, bread rolls
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Fig.3 Glucose and ethanol concentration in the baked products (g/L)
n=3, mean + standard deviation (SD). A.1 glucose in bread rolls; A.2
ethanol in bread rolls; B.1 glucose in pretzel rolls; B.2 ethanol in pret-
zel rolls; C.1 glucose in pastry; C.2 ethanol in pastry; D.1 glucose
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Fig.3 (continued)

exhibited 6.8 g/L, cream cakes showed 6.5 g/L, and white
bread had the lowest concentration at 5 g/L.. However, upon
the introduction of diammonium phosphate (DAP), glycerol
concentrations were substantially higher across all samples:
Bread rolls surged to 12.05 g/L, pretzel rolls reached 13 g/L,
pastry attained 10.73 g/L, fine rye bread achieved 10 g/L,
white bread rose to 12.27 g/L, and cream cakes elevated to
10 g/L. This significant rise in glycerol concentrations in
response to DAP supplementation could be the result of a
redox factor imbalance due to increased biomass production.

When pyruvate from glycolysis is channeled into biomass,
NAD™ cannot be regenerated by ethanol synthesis; instead,
it is regenerated by reduction of dihydroxyacetone phosphate
to glycerol-3-phosphate, resulting in higher glycerol levels
(Van Dijken & Scheffers, 1986) (Fig. 4).

Table 5 displays the glycerol percentage calculated in
relation to the theoretical ethanol production. Notably, the
analysis reveals that in the control samples, the percentage
of glycerol accounted for approximately 5% of the theoreti-
cal ethanol production, while in the DAP-treated samples,
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Fig.4 Glycerol concentration in the baked products (g/L) n=3, mean + standard deviation (SD). A bread rolls; B pretzel rolls; C pastry; D fine

rye bread; E white bread; F cream cakes

this percentage increased to 10%. During the fermentation
process, glycerol is produced as a by-product, and prior
research, such as (Medina et al., 2010), has demonstrated
that its production follows a pattern similar to ethanol pro-
duction, with lower yields at lower solid loadings. It is
noteworthy that glycerol has been associated with osmotic
stress, which can lead to a reduction in ethanol produc-
tion, as shown in previous study (Medina et al., 2010).
The encouragement of glycerol overproduction has been

@ Springer

suggested as a means to maintain osmotic pressure and
shield yeast cells from elevated temperatures, as proposed
by (Banuett, 1998).

Acetic Acid and Lactic Acid Concentration
Weak organic acids, namely lactic acid and acetic acid,

play a critical role in the production of bioethanol due to
their potential to impede the growth of yeast (Graves et al.,



Food and Bioprocess Technology (2024) 17:3074-3085 3083
Table 5 The percentage of Sample Monosaccharides Control DAP Theoretical Control DAP
ztgﬁyceri).l 1111 rftllano? to t(}jle i groups (g/L) glycerol glycerol ethanol (g/L) percentage percentage
eoretical ethanol production (e/L.
g/L) (g/M) (%) (%)

Bread rolls 243.3 6.8 12.0 121.6 5.6 9.8

Pretzel rolls 246.6 7.4 13.0 123.3 6 10.5

Fine rye bread 199.5 7.3 10.0 99.75 7.3 10

White bread ~ 251.5 5 12.2 125.75 4 9.7

Pastry 218.3 7.8 10.7 109.15 72 9.8

Cream cakes  186.8 6.5 10.0 93.4 7 10.7

2006). Acetic acid serves as an antimicrobial agent in the
food and beverage industry, recognized for its capacity
to suppress the proliferation of microorganisms (Casey
et al., 2010). While S. cerevisiae produces small quanti-
ties of acetic acid during alcoholic fermentation, harmful
concentrations for yeast can be generated by lactic acid
bacteria and/or acetic acid bacteria (Graves et al., 2006).
Additionally, acetic acid can serve as an indicator of con-
taminants or foreign organisms. In our study, most of the
time no acetic acid could be detected by HPLC. This indi-
cates that our fermentations were not infected by bacteria,
and consequently, no adverse effects attributable to acetic
acid were identified.

Likewise, lactic acid was found in minimal quantities in
the mash at the onset of fermentation, with no significant
change during fermentation. Greater bread content in the
mash generally correlated with higher lactic acid levels. Lac-
tic acid is a byproduct of carbohydrate metabolism produced
by contaminating lactic acid bacteria (Graves et al., 2006).
However, its effect on yeast growth is not as pronounced
as the inhibitory effect of acetic acid. Thus, the influence
of lactic acid on fermentation is not considered significant
(Casey et al., 2010).

Statistical Analysis Results

The observed differences with respect to group (control
vs. DAP), fermentation time and the interaction between

Table 6 Two-way ANOVA for bioethanol production in control and
DAP samples

Group p value*
Group Time Interaction

Bread rolls <0.0001 <0.0001 <0.0677
Pretzel rolls <0.0001 <0.0001 <0.0001
Fine rye bread 0.0002 <0.0001 0.0001
White bread <0.0001 <0.0001 <0.0001
Pastry 0.008 <0.0001 0.002
Cream cakes 0.0673 <0.0001 0.0233

* < (.05 significant effect

ethanol yield and fermentation time were statistically
analyzed for the different baked products (Table 6). As
shown in the tables, the group factor (Control vs. DAP),
time, and their interaction have a highly significant
effect on bioethanol production in all the baked prod-
ucts, except for bread rolls and cream cakes. In bread
rolls, both the group factor and time are highly signifi-
cant, but the interaction between group and time is not
statistically significant. In the case of cream cakes, the
group factor does not have a highly significant effect on
bioethanol production (p value =0.0673, Table 6). These
results indicate that DAP significantly enhances bioetha-
nol production in all tested baked products except for
cream cakes. In the case of cream cakes, DAP speeds up
the fermentation process only.

The second test of the two-way ANOVA, focusing only
on DAP-treated samples and considering time and baked
products as factors, is shown in Table 7. These results indi-
cate that both time and the type of baked product have a
significant influence on bioethanol production in the DAP-
treated samples.

It is worth noting that challenges linked to incorpo-
rating DAP into sustainable alternatives to fossil fuels
are primarily tied to the global increase in diammonium
phosphate (DAP) prices. The surge can be attributed to
several factors. This includes a rise in the cost of oil and
energy required for producing and transporting P fertiliz-
ers (particularly DAP and monoammonium phosphate), a
significant decrease in fertilizer production in the US (a
major producer of phosphorus), imbalances in supply and
demand, heightened fertilizer demand for biofuel produc-
tion, and increased excise on phosphate fertilizer exports
(Chowdhury et al., 2017). These factors contribute to the
complexities associated with using DAP in the pursuit of
sustainable alternatives to fossil fuels.

Table 7 Two-way ANOVA on

. . p value
bioethanol production in DAP
samples in the different baked Group 0.0005
products Time <0.0001
Interaction 0.0421
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Conclusions

This study significantly contributes to filling a knowledge
gap in the field of bioethanol production by examining the
untapped potential of six leftover baked products—bread
rolls (Brotchen), pretzel rolls (Laugengebick), fine rye
bread (Mischbrot), white bread (Weillbrot), pastry (Plun-
der), and cream cakes (Sahne-Cremetorten)—for bioetha-
nol production. Notably, these specific baked products
had not been previously examined in this context. The
study revealed that these baked products exhibit signifi-
cant potential for bioethanol production due to their sim-
ple and rapid production processes, as well as their high
starch content. Differences in bioethanol production levels
among the baked products were noticed, highlighting the
significant role of DAP in speeding up fermentation and
increasing ethanol yields. Among the DAP-treated sam-
ples, pretzel rolls, bread rolls, and white bread exhibited
the most substantial ethanol production increases. DAP
impact was particularly effective in white bread, where
it significantly improved glucose-to ethanol conversion
efficiency. The individual study of these baked products
is essential for understanding their unique characteristics,
leading to enhanced process optimization and increased
economic viability. This research sheds light on the vari-
able bioethanol yield potentials of different leftover baked
products as valuable resources for bioethanol production,
offering both simplicity and efficiency in the process.
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